The high-sensitivity fluxgate Lunar MAGnetometer (LMAG) is mounted on SELENE (KAGUYA) to investigate the near-surface electromagnetic environment and the evolution of the Moon through magnetic field observation. To avoid possible electromagnetic interferences, a triaxial fluxgate sensor (MGF-S) is installed at the far end of a 12-m-long mast. It is critical for the accurate observation to monitor MGF-S alignment in orbit, and thus we have calibrated the sensor alignment by measuring the known magnetic fields generated by the sensor alignment monitor coil (SAM-C) wound onto the mast canister. In-orbit calibration of the MGF-S alignment was performed twice each revolution during the initial check-out phase of the satellite. It is concluded that there is no systematic difference in the sensor alignment between the day-side and night-side. Applying a new technique based on the Davis-Smith method to the observed magnetic field data when KAGUYA was exposed to the solar wind, a zero offset of each axis was quickly and stably determined every month. As a result, LMAG has been calibrated with an accuracy that is sufficient for detection of the lunar magnetic anomaly at an altitude of 100 km and for high-resolution electron reflectometry.
Introduction
The SELENE (KAGUYA) spacecraft launched on September 14, 2007 has been maintaining a near polar orbit of about a 100-km altitude as designed. The Lunar MAGnetometer (LMAG) is mounted on KAGUYA to measure the magnetic fields originating from the Moon, such as the magnetic anomalies on the surface (e.g., Hood et al., 1979 Hood et al., , 2001 Kurata et al., 2005; Toyoshima et al., 2008) , and time-dependent magnetic responses containing information on the electrical conductivity of the Moon's interior (e.g., Hobbs, 1973; Dyal et al., 1976; Russell et al., 1981; Hood et al., 1999) as well as the interplanetary magnetic field. The field intensity of the lunar crustal magnetic anomalies and the induction response are estimated to be 1 nT or less at this altitude. The spatial resolution of the electron reflection (ER) method is planned to be comparable to the cyclotron radius of low-energy electrons, i.e., about 5 km . For these measurements, two in-orbit calibrations are of particular importance: determination of the sensor alignment and estimation of zero offsets. To make the systematic error less than 0.08 nT when the magnetic field is observed in the Earth's magnetosphere (∼10 nT), the sensor alignment must be determined with an accuracy of better than 0.5
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tion of the in-situ magnetic field onto the lunar surface. If the zero offset is estimated with an accuracy of better than 0.5 nT, the accuracy of the in-situ field direction is about 3
• in the magnetosphere (∼10 nT) and then the spatial resolution of the ER method at a nominal altitude of 100 km is about 5 km on the lunar surface.
The LMAG has a triaxial ring-core type fluxgate sensor (MGF-S), designed to be a highly linear instrument with a low noise level, at the tip of the 12-m long mast to avoid possible electromagnetic interference. All of the scientific instruments and bus devices were designed and improved to satisfy the strict electromagnetic compatibility (EMC) condition of the magnetic field: a magnetic field interference <0.02 nT in DC and 0.006 nT in AC < 32 Hz at the position of the MGF-S for the respective instruments. The ground tests confirmed that the specification of the MGF-S summarized in Table 1 is satisfied , and that the LMAG can observe the lunar magnetic field under a magnetically clean environment (Nakazawa et al., 2008) . However, it was difficult to check the magnetometer in the ground test deploying the mast under the same temperature and gravity conditions as those in orbit.
The sensor alignment can be calibrated in orbit by observing the geomagnetic main field when the satellite is orbiting the Earth (Olsen et al., 2003) or passing nearby the Earth for swingby (Anderson et al., 2001 (Anderson et al., , 2007 Dougherty et al., 2004; Glassmeier et al., 2007) . In the case of LMAG, the mast is 12 m long and its temperature variation with KAGUYA's revolution is conceivably comparable to the lu- α, β, γ ) . Indicated is the mast canister and SAM-C in close-up view seen from the −Z sat direction.
nar diurnal change at the surface (−170 to 110 • C). In order to make a precise observation, we have included the capability to monitor for possible deformation of the mast due to temperature change. KAGUYA has the sensor alignment monitor system with two coils (SAM-C), that generate an artificial magnetic field and which are wound onto the mast canister stowed in the spacecraft ( Fig. 1 ; . The SAM system is similar to the Cassini's in-flight calibration system called the science calibration subsystem (SCAS; Dougherty et al., 2004) . In this paper, we show results of the in-orbit calibration of the LMAG, the sensor alignment monitored by the SAM-C, and the estimated zero offsets.
Methods of In-orbit Calibration
As shown in Table 1 , orthogonality and linearity of the LMAG were confirmed in the ground calibration experiment . Also, no clear temperature dependencies of the offset, sensitivity, and SAM-C were found. Therefore, we do not explicitly assume temperature dependence of the LMAG in the following analyses, although its validity is to be checked as a result.
Linear inversion problem using the SAM-C system
The SAM-C consists of bi-axis coils, SAM-C(A) and SAM-C(B), that generate linearly independent magnetic fields with a 1-Hz triangular wave form of about 2.6 nT amplitude at the sensor position for 10 s and gradually decrease the amplitude in 8 s. estimate that alignment angles (Euler angles in Fig. 1 ) can be determined with a precision of 0.1
• based on a large number of measurements in the calibration with a 32-Hz sampling frequency.
The sensor alignment is analyzed in the sensor coordinate system using the SAM-C current data monitored simultaneously. The raw magnetic field data generally include a SAM-C generating field, an external field, various noises, and an instrumental offset. In addition, we found that a small bias of a 1-Hz rectangular wave form is superimposed and synchronized with increasing and decreasing SAM-C current. This bias is believed to be caused by an electromotive force due to small loop circuits of the connector at the bottom of 12-m mast very near the SAM-C. This will be discussed later. In order to extract the SAM-C generating field efficiently, we assume that the observed field in the calibration at the time t n (n = 1, · · · , N ) is composed of a trend component, a triangular component responding to SAM-C current, a rectangular bias responding to increasing and decreasing SAM-C current, and random noise as < 0. In the above equation, a constant instrumental offset and smooth change in the external field are included in the trend component, while random noise contains the external field fluctuation, the instrumental noise and, possibly, the interference field, which is negligibly small at the sensor position.
We apply the Bayesian statistical procedure using a quadratic B-spline function with (M −1) knots (Tsunakawa, 1992 (Tsunakawa, , 1995 to carry out the decomposition. Physically, it is assumed for this procedure that spline coefficients vary smoothly. Also, the trade-off parameter, λ > 0, should be introduced to represent the smoothness. In Bayesian statistics, we assume that the random noise and second difference of the spline coefficients with respect to time are independently subject to normal distributions with zero mean and variances, σ 1 and σ 2 , respectively, and that the ratio of the variances is λ = σ 1 /σ 2 (Tsunakawa, 1992) . The likelihood function l(y|x) of unknown parameters (x) from the data (y) distribution and the prior distribution π(x) are related to the posteriori distribution π post (x) by Bayes theorem: π post (x) ∝ l(y|x)π(x). In this case,
where 2 denotes the second difference operator. Thus, minimizing S i corresponds to giving the maximum of the posteriori distribution for a given prior distribution, which cannot be determined until the optimal value of λ is obtained. Such λ can be found by minimization of ABIC (Akaike's Bayesian Information Criterion: Akaike, 1980) . In the present case,
where N is the number of the observed data points, S * i is a temporary value of S i with a given λ, and X is the (N + M) × M matrix consisting of the quadratic spline functions and the damping matrix (Tsunakawa, 1992 
Zero offset determination
Since KAGUYA is a three-axis stabilized spacecraft revolving the Moon, the Davis-Smith (D-S) method (Davis and Smith, 1968; Belcher, 1973 ) is applicable to the offset determination of three axes. The D-S method is based on an assumption that the total magnetic field strength is constant regardless of direction when the Alfvén wave is observed. Defining the time series of the observed field, the Alfvén wave and the offset by B n = (B xn , B yn , B zn ) , and c = (c x , c y , c z ) at the time t n , respectively, we obtain the following equations,
The D-S method supposes the offset c to minimize the variance of b 2 n , and the following equation is obtained,
where mean values are represented by . In the present analysis, we adopt another equation derived as follows. The observed data consist of b n and c,
Therefore, we have
where q = b 2 n − c 2 , which should be constant (= q) if b n is constant, that is, Alfvénic. The above equation is expressed as
where
and
The unknown vector x is determined by the least square fitting method. This equation is mathematically equivalent to the original D-S equation (proof is given in Appendix A). Since this alternative form of the D-S equation is numerically less sensitive to the round-off error and, therefore, more stable for a large number of the observed data points, we solve Eq. (11) to determine the offsets instead of Eq. (7). This new technique of the D-S method is applied to 1-s average data of 10-min segment (N = 600) in the sensor coordinate system during November 2007-March 2008 when KAGUYA was exposed to the solar wind. Using the obtained offsets, 1-day and 1-month means are calculated. Since the LMAG should automatically select the range-0 (±64 nT, Table 1) in the orbit of 100-km altitude, we determine the offsets for the range-0.
Results of In-orbit Calibration
Calibration of the MGF-S alignment using the SAM-C was carried out once each on the day-side and night-side of the Moon during the initial check-out phase of KAGUYA scientific operations in order to examine if significant deformation of the mast may occur due to severe temperature change. Figure 2(a) shows an example of the observed magnetic field in 1/32-s resolution, together with the driving electric current for SAM-C, J SAM n , during the calibration made on November 5, 2007, in the solar wind. As mentioned previously, bias of a rectangular wave form is superimposed on the SAM-C generating field of a triangular wave form, especially in the z component. Therefore, the bias term is taken into account in the processing method.
Figure 2(b) shows the observed magnetic field separated into a trend, a response with a triangular wave form, a bias with a rectangular wave form, and random components. The response factor, f RES i , which is equivalent to a ratio of the SAM-C generating field to J SAM n , has been thus determined and used to obtain the Euler angles of the MGF-S.
We occasionally saw large deviations of the response factor from the average level. When such a deviated factor appeared, in most cases magnetic disturbances with relatively high spectra at 1 Hz contaminated the SAM-C generating field. Such inappropriate data can be distinguished and rejected if the Fourier power spectrum of the observed magnetic field does not have dominant power at 1 Hz. Table 2 summarizes the Euler angles of (α, β, γ ) in the day-side and night-side during November 5-15, 2007, which are determined at a precision of about 0.1
• . In this period, temperatures of the sensor range from −0.7
• C to 15
• C. The Table 2 . Euler angles of the MGF-S determined by in-orbit calibrations. Estimation errors are denoted by the standard error. The unit is degree. difference in the rotation angles between the day-side and night-side is less than 0.1 • , and thus we may assume that sensor alignment does not vary between the day-side and night-side.
The monthly means of the offsets are shown in Fig. 3 and Table 3 . Both of the x and z offsets are well determined with standard errors of 0.1-0.6 nT and are stable through this period. The y offset has relatively larger errors of monthly average values and seems to have changed by about 2 nT after November 2007. The cause of the y-offset change may conceivably be an aging effect, as since this time it has been almost the same. Therefore, all of three offsets can be regarded as being stable within ±0.3 nT since December, 2007. Subtracting the offsets, applying the Euler's rotation angles, and subsequently multiplying matrices for the coordinate transformation, we finally have the calibrated magnetic field in the systems, such as the GSE (Geocentric Solar Ecliptic), SSE (Selenocentric Solar Ecliptic), and ME (Mean Earth/Polar Axis) coordinate systems. In order to check validity of the in-orbit calibrations, the time series of the magnetic field observed by KAGUYA/LMAG is compared with that of ACE on January 28, 2008 (Fig. 4) , as was done for the NEAR (Lohr et al., 1997) and ROSETTA (Glassmeier et al., 2007) with the WIND spacecraft. Taking account of about a 1-h delay due to the distance between the two spacecrafts (250-270R E , where R E is the Earth's radius), the magnetic field observed by KAGUYA is very similar to that by ACE except for some modifications due to the solar wind interaction at the terminator and the wake region on the night-side. Hence, we have confirmed that the sensor alignment and zero offsets are well determined in the present analysis.
Concluding Remarks
In-orbit calibration of the KAGUYA lunar magnetometer, LMAG, was primarily carried out during the initial checkout phase. The sensor alignment is almost the same on the day-side and night-side of the Moon within ±0.1
• . However, we should also check the secular change in alignment, and it will be assessed when we have data covering a sufficiently long time span. Therefore, alignment calibration was carried out twice a month to monitor a possible slow alignment change. The zero offsets have been almost stable within ±0.3 nT since December, 2007. The present results basically meet the requirement for LMAG scientific objectives. Further improvement in offset determination may be required to clearly detect the induction signature of the Moon. To this end, an advanced algorithm by Leinweber et al. (2008) could be useful, as was done for the Venus Express magnetometer . Comparison of the magnetic field data obtained by KAGUYA and ACE indicates that the in-orbit calibrations have been well performed and therefore enabled us to detect the lunar magnetic anomaly field of about 1 nT even at the altitude of 100 km and to measure the lunar surface intensity by the ER method with a high spatial resolution of about 5 km. (A.6)
